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A SUBMIILIMETER TREE-zLECTRCN “ASER

Luis R. Zlias

Jniversity of California at Santa 3arbara

Santa 3arbara, California 331C6, JSA

ntroduction

Free—electron lasers (FEL's) are powerful
sources Jf slectromagnetic radiation capable of
operating erfficiently over a oroad band of
requencies  spaming from *he TacAD-
ultraviolet to <the mnillimeter region of the
spectrum. The £irst dJemonsatration of shorst
wavelength TEL coherent radiation toock place at
Stanford Jniversity in 1975 . Since then, many
other research laboratories throughout the
world nave initiated research programs
oriented <oward the develorment of these “yrpe
of devices . At the Unjversity of Californisa,
Santa 3Zarbara a major experimental effort is
underway to develop low=voltage free-electron
lagsers operating in: a) the TR region using a
single-stage EL design and b) the uv-visible-
ir region using a ‘two-stage FEL device.

A major portion of this presentation is
ievoted to exarining, in a tutorial mamner,
the bvasic gsingle-particle physics of free-
electron Iasers and discussing in some detail

<he important design considerations of the’ UCSB:

3asic >hysics

The operation of a FEL is based on the
amplification af electramagnetic radiation oy
Jast =2lectrons moving through a periodic
2lectromagnetic structure. A typical system, as
tZlustrated in figure !, contains the following
“hree tasic components: a) a  monochromatic
2lectron Yeam, b) a periodic static magnetic
field generated by either an array of permanent
magnets wiggler or undulator) oriented with
alternating magnetic £field polarity or by a
ceriodic arragement of current carrying
2onduczors, and 2) an electromagnetic
regonator.

An 2lectron xcving <hrougn <“he 1agnet
array w#ill do so describing a classical
vericdic tTajectory in which the orbit plane is
cervendicular %o the direction of magnetic
“ield 28 snown in Figure !. As a result of its
zericdic cemtripetal acceleration the electron
Al radiate spontanecusiy initially) into
<ne :avity resonator. After the first few
counees inside <he cavity, <he rodiated 2ield
Wil Stimuloave amissicn Oy Other alectrons. The

2lacTromagnetic appiilicazion Trocess will
<ntitue antil  the Caser  -soazkes  Jin
saturancn.

iA3sume <hat “he magevic andmiator g v
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periods long and that the length of each period
i3 )g . Classical Zlectrodynamics predicts <hat
an electron will, in the aosence of an
stimla 'oditin% electromagnetic field, radiate a
periocdic electramagnetic pulse Y pericds long.
Because of its wtion, the rmii)iation fieﬁ
generated by a single electron have an

distribution of ©power peaked along the
electrons’'s direction of @motion. For an
electron moving with relativistic speed most of
the power is radiated within a cone naaving a
half angle value of 1/v, where ‘mc? is the toal
energy of the electron. This  effect is
illustrated in figure 2. Also because of its
noticn an electron in a EL will radiate over a
range of wavelengths whose value depends on
angle of observation 3 and on electron
grml.ized longitudinal™ speed 3z .It is given

A =2 Ac (1/<48z) - cos (8))

(1)

<i

Faure 2.
SPONTANEOUS RADIATION PATTERN

Faure 3 snowa a plot of 1 as a2 Iunction o
angle of observation Zor wwo different 2lectron
energies. Alang <he direction of zotion (_2=0),
+hg radiation wavelength is shortest. it 0
iegrees the radiation wavelength is =qual =0
the magnet period and at 180 degrees “here is a
bacicwqard wave with wavelength equal 3o <Twice
<he magnet pericd.

™e spectral turity of the radiation Iieiu

sroduced oy a aingle 2lectron is Limited Ty <he
mmber f magnet periods. The  spectral




et

Ve e merwn &

vin 4 A gt O & SR i v W wdy e .

—
N e

b astin.

P

e ARt St o el s el el - =t e, .

flaure 3.

FE. WAVELENGTH
jistribution of radiation at 2 fixed angle of
sbservation i3 shown in Zigure 4. The bandwidth
»f rediation is given oy <he following
approximate reilation:

G/h = 1N (2)

4 -5 4 32 4 I 2 3 4 5 8§
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S8, RAGIATION JPECTTRM FROM 4 SINGLE SLECTRON

when a veam of electrons is injected into
<he andulator, each electron radiates
independently. The resultant gynchrotron
~adiation field <can bte described as a
tervogition of waves emitted by individual
slectrons sut with random phases. Hdowever, in
-ne presence of an input wave naving the
arerepiate resonance wavelenth of equation (1)
it is -ossible <0 exhange cnergy between <he
slectron oeam 2and <he input wave in such a
-anner <hat amplification of *he input wave can
-esuls. T™is orocess can bYe interpreted as 2
sonstuctive interference f radiation Julses
smi<ted =y :individual electrons. The correct
snasirg of the 2lectrons is produced bty 2 net
longisudinal force which tends o unch the
alectron Sesm with the periodicity of the imput
ave. The 2r%ct of “he uncning process s
illustrated ‘n Jigure 5 showing the  time
igrendence 1f <he resultant 2lectric 2ield
aygplisude generstad by a  short  Tulse o
slecTr=ns 38 sbserved at a Zixed point in
zzace. it the Tegind i <he <rece The
~egui-ant 2lectric Zileld :s small decanse the
2_207rrs nave ot oad Tize 9 unen. A8 time

orogresses Tuncning Zorces <he 2lectrons <o
radiate in phase with each other and :n chase
with the input wave.

The zaxdimm small gignal zain of a ZIree
alectron laser can %e written as follows:

3EAM CURRENT

232 sy ? 5]
WODE AREA ¢ 'z (V)

jt{=

where 3 is the peak amplitude <2 <he undulator
mgnetic field. For a CIixed wavelength ‘the
iependence of small signal aain on 2lectron
energy is illustrated in Sigure 5. The
rescnance 2nergy vk can bte calculatzZ from
equation (1) . #ave amplification [stimlated
emmission) occurs for energies slizntly Zreater
than resonance energy and wave attenuation
(gtimalated  absorbtion) <akes glace for

COHERENT FEL RADIATION PULSE

0.60

1.60
M Time— Maare 5.
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alectron energies slightly lower chan resonance
snergy.

There are same -estrictions regarding “he
optical juality af <electron besms ~squired °o
irive ™¥L's. In order Zor olectrons 0 manvain
relocity synchronism with the aaplified wave it
i3 necesmary <hat cheir longitudinsl velocity
spread be smller than the zain ampnlification
sendwidth. The Zollowing selavtion  escribes
approximately such comdition:
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3, < L/2Ny? (6)

A summary of the range of wavelengths
attainable with present electron accelerator
<echnology is shoown in figure 7.

WAVLINTN e
ipm e m 10p » 100m =

Finally, the amount of power <that can be
extracted Zrom =2lectron beam moving through a
constant oeriod undulator 1S  approximately
Ziven oy

Plaser * PE. BEAM / N (M

The JCSB TEL Project

At the Tniversity of California at Santa
3arbara 2 free-electron laser research

program
is underway %o study the operation of FEL's -

ased an alectron Ybveams generated Uy
electrostatric  accelerators. A conceptual
irawing of the System i3 presented in figure 8.
T™he major features of this device are:

- Long wavelength, conmtimous tunability

7S aicron %o 2000 micron

- 1izh Laser 2ower

2= '8 W <P> = 200 watts

- Zimn Cotvical Zesolution

o~

S e

- Zan crerating efficiency
> 0%

- _ow .onizing ~adiation Levels

The ZCSB electrostatic-accelerator 2lectron
ceam 37StTem s 7ell suited <o irive TEL's in
-ne = llizeter-fIR region %ecause :!) the sytem

:overs the zroger operating electron energy
Qange, <t} .t gZenerates a letter than required
118 Jualicy 2iectron ceam and S, the umused

2nergy 5T the 2iecTron team tan e recovered

V-4 1 e
arficiently.

75 cpiimcze nev fain ampiilication, 32 new
wrpe T 2iectromAgnetiC  "esonator nas Deen

designed at
consigting of <wo

JCSB. It is 2 sem-open ravity
garalilel =zetvallic plates
which 2uide <the waves n  <the vervical
direction. In <he horizontal direction <he
optical bYeeam ig contained vy cylindrical amirros

located at 2ach end of <he resonator. A
conceptual illustration of *the resonator is

presented in Zigure .

Table I Gtelow summarizes the impor<ant
expected optical <haracteristics of <he TIR=-
OCSB FEL in its initial configuration.

Table I. Zxpected JCSB “EL optical
Lnaracteristics
‘Wavelength 780 aicron
Peals power 18 £=-watts
Pulse length 4—200 aicrosec
Pulse rate 20 Iz
Optical mode dimension

vertical 2.0 ca

horizontal 4.0 ore ]
Optical resolution < 1/10000
Tunability T5=- 2000 nicron

Later on in 1985 the UCSB FEL will be

teated a8 a ‘two-stage device. The range of
wavelength that will ve covered with <this 1ode

of operation is from the vacuum ultraviolet to
the near IR.

Pinally, a condensed matter research effort
using the FIR radiation from the FEL «ill soon
be injtiated in collaboration with other
scientista at UCIB. If succesful, <he rIrogram
will be expanded ¢to allow other U3 acientists
to utilize this unique source in other research
aress such as chemistry and bdiology.




